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Abstract

This paper presents a mathematical model based on the reaction rate expressions to describe the displacement of methan
conversion in the steam reforming. The effect of several parameters including weight hourly space velocity (WHSV),
load-to-surface ratio, reaction pressure, hydrogen partial pressure in permeate side and reaction temperature were inves-
tigated. Simulation and experimental results showed that a conversion higher than 80% could be achieved in a palladium
membrane reactor at reaction temperature of°&Déelative to 850C in a conventional fixed bed reactor (FBR). Besides,
the yield of CO &2%) in membrane reactor was much lower than that (>50%) in the FBR, which indicated the significant
depression of CO production in use of membrane reactor.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction of a membrane reactdB8—5]. Almost complete con-
version of methane to hydrogen and carbon dioxide
Hydrogen is conventionally produced on a can be attained even at low temperatures. The pro-
large-scale by the steam reforming of hydrocarbons duced hydrogen is free of CO and €6o that it can
such as methane or naphtha oil. Due to the endother-be applied to a polymer or alkali electrolyte fuel cell
mic properties of steam reforming reactions, the con- operating at low temperaturg4,6].
version of reactant, e.g. methane, is usually restricted Due to the continuous withdrawal of hydrogen
by the thermodynamic equilibriunfil,2]. In recent from reaction system by Pd-based membrane, the dis-
years, palladium-based membrane has been useddlacement of equilibrium conversion of methane was
to shift the thermodynamic equilibrium of methane experimentally demonstrated in several references.
steam reforming toward the product side at temper- This enhancement is the so-called “drain-off” effect of
ature as low as 500C. Obvious displacement of hydrogen removéB,7]. The simulation on the behav-
equilibrium conversion was readily reported by use ior of palladium membrane reactor used in methane
steam reforming were also attempted to illustrate the
"+ Corresponding author. Tek+886-3-5915439; enhanceme.nt of equilibrium convers'@lj.
fax: +886-3-58200186. In a previous papef8], we established a perme-
E-mail addressyuminglin@itri.org.tw (Y.-M. Lin). ation model to describe the results of displacement of
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Nomenclature

F; flow rate of componeniin the reaction side (kmolh')

F,ﬂz flow rate of hydrogen in the permeate side (kmoth

F,.0 flow rate of componeritin the entrance of reaction side (kmoit)

k; rate constant for reactian units will be specific to the form of the rate expression

K; equilibrium constant of reactionor adsorption coefficient for componeint

14 distance from the inlet of membrane tube (m)

L total length of membrane tube (m)

L/S load-to-surface ratio, the ratio of inlet (volumetric) flow rate of methane relative
to the surface area of the palladium membrane tubth(rhm=2)

m molar ratio of steam to methane in the feedstock (-)

mﬂz molar ratio of hydrogen to methane in the feedstock (-)

P; partial pressure of componenin the reaction side (atm)

Pp hydrogen partial pressure in the permeate side (atm)

Pr total pressure in the reaction side (atm)

r rate of reaction (kmolh~1kg1)

Rm radius of the membrane tube (m)

w weight of catalyst (kg)

WHSV  the hourly weight of inlet methane relative to loaded catalyst weight)(h

Xi conversion of componeiitor dimensionless flow rate of componénelative to initial
flow rate of methane in reaction side (-)

YH, dimensionless flow rate of hydrogen relative to initial flow rate of methane in permeate side|(-)

Z dimensionless distance from the inlet of the membrane tube (-)

Greek symbols

B permeance of palladium membrane3(mr 2 h~1 atm095)

T reaction contact time, the ratio of catalyst weight relative to the inlet (molar) flow rate of methane,
which is the reverse of WHSV as the flow rate of methane in weight (kg hkhol

m parameter related membrane surface area with the inlet (molar) flow rate of methane,
which is the reverse of load-to-surface ratio as the flow rate of methane in volufriiekfrol1)

Subscripts and superscripts

i ith component oith reaction

0 inlet condition

equilibrium conversion in a tubular palladium mem- is also simulated. Experimental tests were conducted
brane reactor. Only the overall reaction of methane too, to examine the agreement with the calculated
steam reforming was considered to simplify the an- results.

alytical solution of the permeation model. In this pa-

per, we further present a mathematical model, based

on the rate expressions of three reversible reactionso M athematical model

involved in methane steam reforming, to investigate

the effect of hydrogen removal on the conversion of 2.1, Basic assumptions

methane. The influence of two major operating param-

eters, i.e. weight hourly space velocity (WHSV) and (1) Isothermal and isobaric reaction conditions;
load-to-surface ratio, on the conversion enhancement(2) Steady-state operation;
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(3) Plug flow on both reaction and permeation sides; hydrogen to methane ratio in the feedstock. The
(4) Intrinsic kinetics for methane steam reforming and andY; are defined as:
water gas shift reactions;

(5) No boundary layer on membrane surfaces. XcH, =1-— FCH“, Xn,0=1- FH?O,
CH Fén
4 4
2.2. Reaction rate expressions Fco Fco,
Xco=—%—: CoO, = —g5 >
L . CHg Fen,
Methane steam reforming involves two reversible P
reactions: the reforming (1) and water gas shift reac- Xy, = P, Yu, = Fr,
. . . . 2 0 ’ 2 0
tion (2). The overall reaction is expressed in (3). Fep, Fey,
CHz + HO — CO+ 3H, The changing rate of each component along the reactor
AHjgg = +206 kymol @ length were thus given as:
dXcH
L =1 (r1+13) )
CO+Hy,O— COy +Hy dz
Soak = — dx
AH3ggk = —41kymol @ d(;oz =1(2+713) (8)
CHg + 2H,0 — COz + 4H> dXco
o =7(r1—1r2) )
The rate expressions for reactlor_ws (1) (3_) are obtained 94H0 _ 0(r1 + ra + 2r3) (10)
from [1]. The unit of each reaction rate is expressed dz
in kmolh~1kg~1. d
XH, dYH2
=1 (3 4r3) — 11
ky PcryPr0 — (P3,Pco/K1) @ dz w(Sr +r2 + drs) dz (1)
r=—5¢
Pﬁf DEN? and the permeation rate of hydrogen through palla-
dium membrane was given as:
, — k2 PooPto — (P Pooy/K2) ® J
= 2 H
Py, DEN dzz = mB(PR2 — P3°) (12)
ks Pcr,PE o — (P4 Pco,/K3)
ra= —op—— 120 DEN'ZZ 6)  with o = W/FQ,, andtm = 27RmL/FQ,,,, whereW
Py is the catalyst weightr; the flow rate of component
i in reaction sidef? the flow rate of componeritin
DEN = 1+ KcoPco + Ku, Pr, + KcH, PcH, the entrance of reaction sidey the partial pressure
Kn,0PH,0 of hydrogen in the permeate sid®, the radius of the
+ Py, membrane tubd, the total length of membrane tube,

B the permeance of palladium membrane ane-
¢/L the dimensionless length of the membrane tube.
In experiments, two operation parameters WHSV and

with the partial pressure of each component given as:

Pony = (= Xengo, PHOQO = (m = Xn,0)0r load-to-surface ratio are used insteadrpfand .
Pco = Xcoo, Php = (mpy, + Xny)o, Theoretically, WHSV and load-to-surface ratio are the
Pco, = Xco,0, reverse oft, andty, respectively.

P In rate equations (4)—(6), a critical parameter is

the hydrogen partial pressurgy,. A hydrogen-free
methane/steam feedstocknE(2 = 0) will result in
whereP; is the pressure in the reaction side of the an infinite initial reaction rate because the inlet hy-
reactor,m the steam to methane ratio amf|2 the drogen partial pressure is zero. The problem can be

o=
I+m-+m{, +Xu,—XcH,— XH,0 + Xco + Xco,
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Table 1
Kinetic parameters used to calculate the conversion of methane
Parameter Pre-exponential E or AH
factor (kJ/mol)
ki (kmol atnf-5/kg h) 4.2248x 10'° 240.1
ko (kmol/kg h atm) 1.955x 10° 67.13
ks (kmol atnf->/kg h) 1.0202x 10%° 243.9
Kco (atmr1) 8.23 x 10°° —70.65
K, (atnr?) 6.12 x 10°° -82.9
Kcn, (atnm?) 6.65 x 1074 —38.28
Ki,0 () 1.77 x 10° 88.68

solved by setting a very smaﬂzﬂz. In the present

study,mp), = 1.0 x 10® was preset. However, this
value needs a small calculation step size for solving
Egs. (7)—(12)n order to get a sufficient accuracy. This
means that it may cause a longer computation time.
In order to compromise the accuracy and computa-
tion time, Egs. (7)—(12)an be solved by an adaptive
step size control method, i.e. Runge—Kutta—Fehlberg
method[9].

The kinetic parameters obtained fr¢ij were used
for the simulation. The equilibrium constants of reac-
tions (1)—(3) were obtained frofi2]. The permeance
of supported Pd membrane was obtained in this work.
The values of kinetic and equilibrium/permeation
parameters are summarized ifables 1 and 2
respectively.

2.3. Considerations in cases of “initial” and
“ultimate” equilibrium

According to the reactions (1)—(3), the conversion
of methane is mainly determined by the formation of

Table 2
Equilibrium constants and permeance of Pd membrane used in
simulatior?

Parameter Pre-exponential E or AH
factor (kd/gmol)
K1 (atr?) 7.846 x 1012 220.2
Ko (=) 1.412x 1072 —37.72
Kz (atr?) 1.11 x 104 182.4
B (m*m~2h~Latm 05)b 56.41 12.54

aThe equilibrium constant&;—Ks were calculated in temper-
ature range 573-873K froif2].

PThe permeancef was measured in temperature range
593-773K.

CO, and CO. The sum of yields of G@nd CO should
equal to the conversion of methane if no carbon depo-
sition is present on the catalyst surface. At the status
of equilibrium, only two independent reactions, i.e.
reactions (1) and (3) were necessarily considered to
calculate the equilibrium composition of CO and £0
based on the equilibrium constants of both reactions.
Therefore, the conversion of methane could be ob-
tained by summing up the yield of CO and &Qhe
equilibrium constants of reactions (1) and (3) could
be, respectively, expressed as follows:

3
Ky — _Hetco (13)

PcH, PH,0

4
Ks= w (14)
PCH4PHZO

where

1-—Xco— Xc
Pch, = Tozpr,
m — Xco — 2Xco, P Xco
T

Peco =
D ©©="p

Ph,0 = Pr,

Xco,
= P,
07} D r
3Xco+4Xco, — TH,
Hy, = PI’
D
with D = 14+m+2Xco+2Xco,—YH,. The conversion
of methaneXch, = Xco + Xco,.
There are two extreme cases that should be consid-
ered:

Case 1. Inthe “initial” stage, iP4, < Pp, thenYn, =
0, i.e. no hydrogen is removed through the
membrane. Solvinggs. (13) and (143imul-
taneouslyXco and Xco, could be obtained
for the condition of initial equilibrium. We can
thus obtain the initial equilibrium conversion
of methane as{cH, = Xco + Xco,, which
is the same as the value achieved in the con-
ventional fixed bed reactor (FBR), without the
use of palladium membrane.

Case 2. In the “ultimate” stag@y, is approaching to
Py due to continuous removal of hydrogen,
and thenPy, = Pp. Therefore, one additional
equation could be established when combined
with the expression of hydrogen partial pres-
sure as follows:
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Pp= Py, = 3Xco+4Xco, — YH, P (15) at hydrogen partial pressure of 1atm or below in the
D permeate side.
Solving Egs. (13)—(15kimultaneouslyXco,
Xco, andYy, could be obtained for the status ) )
of ultimate equilibrium. The ultimate equilib- 4. Results and discussion
rium conversion of methane is then calculated
asXch, = Xco+ Xco,, which is the highest ~ 4.1. Effect of WHSV and load-to-surface ratio
conversion being enhanced under the effect of on the conversion of methane
palladium membrane.
Two major working parameters, WHSV of methane
and load-to-surface ratio, were found to significantly
3. Experimental affect the conversion of methane in the steam re-
forming reaction. The WHSYV of methane is reported
The supported palladium membrane tube was pre- in terms of the hourly weight of inlet methane over
pared by the electroless plating technique described loaded catalyst weight. The load-to-surface ratio is
in [10]. A porous 316L stainless steel tube having an defined as the ratio of methane inlet flow rate relative
outside diameter of 1.27 cm was used as the support.to the surface area of the palladium membrane tube.
The effective membrane area for hydrogen separation The higher WHSV and load-to-surface ratio, the lower
is around 60 crh The thickness of palladium mem- catalyst weight and membrane area, respectively.

brane is about 2Qm. The activation energy of mea- The effect of WHSV on conversion of methane
sured permeance of the membrane is near 3 kcal/molis shown inFig. 1 The simulation results from the
as shown infable 2 mathematical modeling obviously indicated that the

The steam reforming reaction was conducted in methane conversion decreased with increasing WHSV.
a single-jacketed membrane reactor which is simply At reaction pressure of 9 atm and permeate hydrogen
constructed from a membrane tube with a stainless partial pressure of 1 atm, the conversion is lower than
steel tube as outer jacket. The operating proceduresits initial equilibrium conversion (19%) when WHSV
were the same as that described in the previous workis greater than 100H. No more conversion was
[6]. A nickel catalyst, C11-9-02 from Nissan Girdler enhanced with increasing membrane area, due to the
Co., was used for methane steam reforming in temper- very low hydrogen produced and removed from the
ature range 400-50C. The steam to methane ratio reaction system. When WHSV is below 3% the
was 3. The reaction pressure used was in the rangeconversion reaches its equilibrium status and cannot
9-20atm. The permeate side of the membrane tubebe enhanced by reducing the WHSV. In summary,
was operated under atmospheric pressure. In case offor high WHSV (or low reaction contact time), the
experiments without the use of sweeping gas, the par- reaction system does not reach the thermodynamic
tial pressure of hydrogen in the permeate side was equilibrium so that the conversion is lower than the
accounted for 1atm because almost 100% purity of thermodynamic one. For low WHSV (or high contact
hydrogen was obtained due to the high selectivity of time) the reaction system is in equilibrium, so the en-
palladium membrane. In case of the tests for hydrogen hancement of the conversion depends on the amount
partial pressure below 1 atm, the nitrogen gas was usedof hydrogen removed from the reactive medium. The
as sweeping gas to dilute the concentration of hydro- amount of removed hydrogen is strongly influenced
gen permeated through the palladium membrane. Theby the pressure difference across the membrane. As
flow rate of nitrogen was in the range 100-500 ml/min can be seen iRig. 1, the conversion does not reach the
and the resulting hydrogen partial pressure in perme- maximum value (100%) for a large enough membrane
ate side was 0.2-0.7 atm. The simulated value of eacharea (low load-to-surface ratio) and for low WHSV be-
component was solved numerically by a fourth-order cause of inadequate removal of hydrogen as the pres-
Runge—Kutta method as describedSiection 2.2The sure difference is not enough across the membrane.
results were calculated in both cases with and with-  The load-to-surface ratio also showed strong ef-
out sweeping gas for comparison to experimental data fect on the enhancement of the methane conversion.
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Fig. 1. Effect of WHSV on the conversion of methane at 5009 atm and different load-to-surface ratio. The hydrogen partial pressure
in permeate side was 1 atm. Experimental data were obtained at load-to-surface tativh m? (O), 2 mé/hm? ({J) and in conventional

FBR (0).

Decreasing the load-to-surface ratio significantly in- 0.2 m?/h m?. On the other hand, the conversion will

creases the conversioRi¢. 2. At WHSV < 3h™1,

stay at the initial equilibrium conversion of 19% as

the conversion approaches the ultimate equilibrium load-to-surface ratio above 5Gthm?. This initial
conversion of 58% as load-to-surface ratio is below conversion is equivalent to the equilibrium conversion

Conversion of CHy

o
W
T

WHSV=50

ult. conv.

init. conv.

0.1 1 10

Load-to-surface ratio, m’/h-m’

Fig. 2. Effect of load-to-surface ratio on the conversion of methane atG00 atm and different WHSV. The hydrogen partial pressure
in permeate side was 1atm. Experimental data were obtained at WHE®h~! (O) and 0.6 ().
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obtained in conventional FBR without the use of pal-  When load-to-surface is greater than 1¥mr?,
ladium membrane. The experimental results showed the conversion is approaching the thermodynamic
good agreement with the calculation data at load-to- equilibrium one due to inadequate hydrogen removal

surface ratio of 1 and 2#h m? and WHSV< 1h~1, from the reaction system. The conversion obtained
at reaction pressure of 20 atm was found lower than
4.2. Effect of reaction pressure that of 9 atm. In this case, the membrane reactor ap-

proaches the traditional one so that the pressure effect

Increasing the reaction pressure, and thus the pres-?s similar to the one thgined in a traditional system,
sure difference across the membrane, can significantly -6- Methane conversion is depressed.
increase the hydrogen permeation flux of palladium
membrang6]. Therefore, the conversion of methane 4.3. Achievement of hydrogen permeation flux and
increased as the reforming reaction was operated atrecovery yield
higher reaction pressure. According to the thermo-
dynamic equilibrium, the initial equilibrium conver- The recovery yield of hydrogen is significantly af-
sion, as conducted in conventional FBR without Pd fected by the load-to-surface ratio as experimentally
membrane tube, decreases with increasing reactionobserved in our previous papirl]. From the results
pressure. As shown ifig. 3, however, the ultimate  of simulation, the recovery yield decreased with in-
equilibrium conversion increased from 58 up to 86% creasing load-to-surface ratio due to the rise of inlet
as the reaction pressure was increased from 9 toflow rate of methane. As shown Fig. 4, the recov-
20 atm. The experimental data also showed a conver-ery yield reaches a saturation level as load-to-surface
sion greater than 80% could be achieved in the pal- ratio is less than 0.2 #h n?. On the other hand, the
ladium membrane reactor at temperature of 800 recovery yield approaches zero as load-to-surface ra-
Conventionally, this high conversion is usually ob- tio is greater than 50 fth m?. Raising the reaction
tained at temperatures higher than 800 pressure will increase the recovery yield of hydrogen.

ult. conv.

Pr=20atm

ult. conv.

Pr=9atm

Conversion of CHy
(]
v}
T

init. conv.

0 1 1 i1 1 111l 1 1 1 s 111l 1 1 AN | I 1 L1 1111l 1 1 114 11
0.01 0.1 1 10 100 1000
Load-to-surface ratio, m’/h-m’

Fig. 3. Conversion of methane influenced by reaction pressure atGG00he hydrogen partial pressure in permeate side was 1atm.
Simulated curves were calculated at WHSV1 h—1. Experimental data were obtained at WHSV1 h™1, reaction pressure 20 atm Q)
and 9atm [(0).
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Pr=20atm

Recovery yield of H,
(=]

0.01 0.1 1 10 100 1000

. 3 2
Load-to-surface ratio, m’/h-m

Fig. 4. Recovery yield of hydrogen influenced by reaction pressure at@G0Uhe operating conditions were the same a&im 3.

At load-to-surface ratio below 0.2%nhn?, the re-  2.5n?/m?h could be obtained at reaction pressure of
covery yield could be enhanced from near 50% up to 20 atm.
above 80% as the reaction pressure increased from 9
to 20 atm. When load-to-surface ratio was greater than 4.4. Effect of hydrogen partial pressure
50 mP/h m?, obvious effect of reaction pressure was in permeate side
not found probably due to the shortage of membrane
surface and thus the conversion of methane. The de- According to the Sieverts’s law, reducing the partial
pendence of recovery yield on load-to-surface ratio pressure of hydrogen in permeate side will increase the
is similar to that of methane conversion as shown in hydrogen flux. Therefore, higher conversion of meth-
Fig. 3 ane could be obtained. As shownkig. 6, the con-
The permeation flux showed different dependence version increased with decreasing permeate hydrogen
on the load-to-surface ratio. IRig. 5, the increase  partial pressure. When the partial pressure reduced to
of permeation flux is observed with increasing load- 0.4 atm, the calculated conversion could go up to 98%,
to-surface ratio. A saturation level is reached, as equivalent to its ultimate equilibrium conversion.
the load-to-surface ratio is more than 2&hn?. However, the experimental data showed big discrep-
The higher the reaction pressure, the larger per- ancy from the simulation result. The larger deviation
meation flux was obtained. At load-to-surface ratio of experimental data from simulation results was
above 20r/hn?, the permeation flux could be found when the permeate hydrogen partial pressure
increased from near 2 to 5%m?h as the reac- became lower. As shown iRig. 7, there exists an
tion pressure increased from 9 to 20atm. Because inversely linear correlation between the deviation and
the permeation flux shows contrary dependence the hydrogen partial pressure. Reducing the permeate
on load-to-surface ratio to the recovery vyield, a hydrogen partial pressure, the discrepancy increased.
compromise of permeation flux and recovery yield The same trend holds at various operating conditions
should be made to optimize these two output val- of WHSV and load-to-surface ratio. Shu et[dR] ob-
ues. A balance exists at load-to-surface ratio around served similar purge effect on the discrepancy between
1m3/hm? as comparing the results frorfigs. 4 predicted and experimental results. However, the exact
and 5 A recovery yield of 70% and permeation flux of explanation of this discrepancy still needed further
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Pr =20atm

Pr =9atm

Permeation flux of Ha, m’/m*-h
w

0.01 0.1 1 10 100 1000
Load-to-surface ratio, m>/h-m’

Fig. 5. Permeation flux of hydrogen influenced by reaction pressure &(00bhe operating conditions were the same a&im 3.

investigation in both theoretical and experimental 4.5. Effect of reaction temperature
aspects.

In practical speaking, the pure hydrogen is needed The experimental results showed that the conver-
for industrial purpose or as a fuel for fuel cell system. sion of methane obviously increased near four times
The use of sweeping gas will be limited in practical the initial equilibrium conversion at temperature range
application although it can lead to higher conversion from 400 to 500C (Fig. 8), when palladium mem-
of methane. brane was used to incipiently remove the produced

ult. conv.

ult. conv.

Conversion of CHy
(e]
W
T

b —— e e e e e s

init. conv. |

0 1 TR WY | R R AT | M AT | . L1l 2 L1

0.01 0.1 1 10 100 1000
Load-to-surface ratio, m’/h-m*

Fig. 6. Conversion of methane influenced by hydrogen partial pressure in permeate side’@t&@D 9 atm. Experimental data were
obtained at WHS\< 3h~1, hydrogen partial pressure in permeate sidéatm (J), 0.7atm (O) and 0.4atm 4).
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L ——SVI_LSI
—A—SVI_LS2

I ——SV3_LS3
—-SV03_LS03

Conversion of CHy
(e)
(9]
L}

X —~
L conversion difference betweet Lo ____
0 experimental and calculated | ) . % - ST T —— ¥ )
0 0.2 04 0.6 0.8 1 12

Partial pressure of H, in permeate side, atm

Fig. 7. Deviation of measured conversion of methane from calculated results depending on hydrogen partial pressure in permeate side al
various operating conditions. Open symbols denote calculated results, solid symbols for experimental data.

hydrogen. Even at temperature as low as 4D0the of 0.3atm. The conversion was further increased
conversion could be enhanced from 8% (initial equi- from 19% (initial equilibrium conversion) up to 65%

librium conversion) to 34% with load-to-surface ratio at 500°C. This had successfully demonstrated the
of 1m?hm? and permeate hydrogen partial pressure achievement of high conversion at low temperatures

500C

ult. conv.

Conversion of CHy
o
W

init. conv.

0.01 0.1 1 10 100 1000
Load-to-surface ratio, m>/h-m’

Fig. 8. Conversion of methane affected by reaction temperature at 9atm. The hydrogen partial pressure in permeate side was 0.3 atm,
Experimental data were obtained at 53@D(A), 450°C (O) and 400°C ().



Y.-M. Lin et al./Catalysis Today 82 (2003) 127-139

Table 3
Yield of CO observed from experimental results at 3G0and
different WHSV and load-to-surface rafio

Reaction WHSV Load-to-surface Conversion Yield of

pressure (h~1) ratio (m/hm?)  of CHy co
(atm)
20 3 3 0.2542 0.0037
1 1 0.5825 0.0213
0.3 0.3 0.8583 0.0059
9 0.6 2 0.3450 0.0144
0.3 1 0.4025 0.0164

aThe hydrogen partial pressure in permeate side was 1atm.

by using palladium membrane reactor. The discrep-

137

the conversion of 85%, only trace carbon monoxide
(~0.6%) was producedrig. 9further shows the com-
position profile from simulation in the retentate side
along the axial direction of palladium membrane tube.
Trace carbon monoxide was produced because of the
removal of hydrogen through the membrane. On the
other hand, the carbon dioxide was produced as the
major carbon-containing product. The composition
excluded water in the retentate side exited from the
membrane reactor is shown Trable 4 Good agree-
ment was found from the comparison of experimental
and calculated results. These results, therefore, indi-
cated that the intermediate product, CO, was almost
completely consumed in the membrane reactor as the

ancy between experimental and simulated results wasmethane steam reforming proceeded.

found due to operation at reducing hydrogen partial
pressure in the permeate side.

4.6. Reducing yield of CO in Pd membrane
reactor (PMR)

In addition to displacing the thermodynamic equi-
librium, the products profile of methane steam re-
forming could be also changed by using palladium
membrane reactor. As shown ifable 3 the yield

In conventional FBR, the product distribution could
be determined by use of the thermodynamic equilib-
rium constants of the two independent reactions (1)
and (3). The yield of carbon monoxide in conven-
tional reactor is much higher than from the membrane
reactor.Fig. 10 compares the yield of CO and GO
obtained in palladium membrane reactor and conven-
tional FBR at the same conversion of methane. Ac-
cording to the results of thermodynamic calculation,
when the conversion is above 70%, the yield of CO

of carbon monoxide is always measured below 2% is greater than C®in conventional FBR. Therefore,
at reaction pressure of either 20 or 9atm. Even at a secondary shift reactor is needed to improve the

H,O

05

CHy conv,

Composition/H, R.Y./CH,4 conv.

co CO,

0.5 1

Dimensionless axial position along the membrane reactor (z)

Fig. 9. The profile of each composition in the retentate side along the axial direction in PMR at reaction pressure: 9 atm, hydrogen partial

pressure in permeate side: 1atm, load-to-surface ratic/Amf and WHSV: 0.3h1.
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-Cr:a;?rlﬁ):rison of experimental and calculated results of methane steam reforming°&t 8060 9 atrfi
Conversion of CH Ho R.Y. Hy flux (m?’/m2 h) Composition excluded #0 in retentate
CHy Haz COy coO
Experimental 0.4025 0.295 1.18 0.3828 0.3658 0.2411 0.0102
Calculated 0.4300 0.3058 1.20 0.3853 0.3240 0.2784 0.0123

aWHSV = 0.3h1, load-to-surface ratie= 1 m*/hm?. The hydrogen partial pressure in permeate side was 1atm. No sweeping gas
was used in experiments to keep hydrogen partial pressure at 1atm in the permeate side.

PMR_CO,

e
—

0.01

Yield of CO/CO,

0.001
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Conversion of CH,

Fig. 10. Comparison of yield of CO and G@t various conversion of methane between the PMR and conventional FBR. Operating conditions
for calculation: PMR at 500C, 20atm and load-to-surface ratie 0.02—250 mi/hm?, FBR at 9atm and reaction temperatue350—
800°C.

hydrogen production. In membrane reactor, the yield lated by the mathematical model based on the kinetic
of CO s very low «2%) even at the conversion higher rates involving both reforming and shift reactions.
than 80%. At the same level of conversion, a much The simulation results showed that the production of
higher yield of CO (>50%) exists in the conventional intermediate product CO was significantly reduced,
FBR. That means the production of CO is obviously due to the incipient removal of hydrogen through
depressed by using palladium membrane reactor. Thisthe membrane. When the conversion of methane is
unique feature will lead the palladium membrane re- maintained at a level of 80%, only small yield of
actor to a more efficient reformer to generate pure CO (<2%) is found in membrane reactor. In con-
hydrogen for application in polymer membrane or trast, the yield of CO in conventional FBR is more
alkaline electrolyte fuel cell system. than 50%. Decreasing the yield of CO and, thus, in-
creasing the yield of C@®will result in the increase
of hydrogen production. Therefore, high produc-
5. Conclusion tion of hydrogen can be achieved in only one-step
operation by using membrane reactor instead of
The reaction behavior of methane steam reforming the two-step conversion as done in conventional
in a palladium membrane reactor was well simu- process. High recovery yield of pure hydrogen is
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